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Abstract

:

This paper examines the hydrological cycle and its implications for the production capacity of two countries, China and the United States. While it takes a macro-level view, it illustrates the relevance of understanding the circularity of nature as exemplified by the hydrological cycle, for urban and regional circular economy considerations. Taking the circularity of nature as a starting point is a departure from common circular economy conceptions, which take an anthropocentric perspective rather than a nature based one. We calculate the amount of solar energy available for freshwater evaporation and the allocation of freshwater to its key uses in the domestic, industrial, and agricultural sectors. Our calculations indicate that the capacity to generate economic output can be accurately described by the embodied solar energy distribution that determines the availability of freshwater for allocation to different uses. This illustrates the need to take environmental/physical conditions more fully into account in economic development decisions at every level, from local to regional, national, and global. We begin our analysis with a review of circular economy concepts and argue that they reveal a limited understanding of the circularity of nature evident in energy and material cycles and their economic capacity implications. Achieving further expansions of economic capacity may increasingly depend on an improved understanding of nature’s circularity, especially when competing resource pressures and land-use constraint exacerbate economic capacity limits. Our findings suggest three particularly important lessons for decision makers: first, the efficiency increases needed to realize growing economic output will require circular economy models that consider the efficient processing capacity of nature rather than relying solely on technological solutions; second, the non-use of resources may be as valuable or more than their use; and third, price policies can be effective in steering resource use and non-use in the right direction.
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1. Introduction


Circular economy concepts have received growing attention in recent years as the negative implications of a linear model that seeks to transform resource inputs into outputs of useful goods and services have become increasingly apparent. The common linear concept of the economic process leaves the emission and waste by-products of economic activity largely unconsidered, despite the fact that some resource use generates economic ‘bads’ instead of useful ‘goods’. Furthermore, some goods are wasted rather than consumed.



Some circular economy concepts seek to minimize useless emissions and waste by reappropriating them as potential resources and by optimizing the production, distribution, and consumption of goods and services to avoid emission and waste by-products in the first place. Both notions embrace the idea of circularity by design rather than as an afterthought and acknowledge the negative implications of a linear economic model. This redesign thinking has implications for decision makers who may seek to redirect resources and initiate alternate production processes to advance circular economy solutions at the local, regional, and national level.



Yet while reducing emissions and waste in circular process designs may be one logical focus of a circular economy concept, understanding the circularity of nature may be another. Every economic process takes place in a context system we commonly refer to as the environment. As a subsystem of the environment, the economy cannot escape the rules and behaviors of the system that forms its context without impacting the context itself. In fact, we observe the impact of economic activity in the growing deterioration of physical, biological, ecological, and social systems. These context systems function according to different timeframes compared to our economic system and use different success measures to indicate their health and vitality. Dominant measures of economic success focus on output and consumption levels measured in monetary units and the number of jobs created, without much concern for their wage level or benefits. The measures of physical environmental context systems may be the volume of water permeable surfaces can absorb, the oxygen levels tree canopies can release, or the parts-per-million of nitrates plants can absorb to reduce eutrophication; social context systems measures may include life expectancy, health outcomes, educational attainment, and a range of quality-of-life measures that capture the well-being of a population or its sub-cohorts of elderly versus young people. Context systems are complex and extremely varied.



This paper focuses on the hydrological cycle to illustrate the relevance of environmental context systems for economic activity. Environmental systems are commonly characterized by circularity. They may therefore offer valuable design lessons for circular economy models. While we focus on the hydrological cycle, similar information regarding the workings and critical parameters of other cycles of nature may also be valuable.



Our reason for focusing on the hydrological cycle and the freshwater flow it sustains is that water drives the economic success of a wide range of sectors, exemplified by the food-water-energy nexus [1,2]. Water, like energy, is almost ubiquitous. Agriculture appropriates large amounts of fresh water; households depend on it for drinking, cleaning, and other hygiene related activities; industry uses water as coolant, production input, and even as an end product. Water therefore exceeds the sector specific focus of many circular economy models that re-envision economic activity as circular one sector at a time [3,4,5]. Water is also closely linked to energy because the availability of fresh water ultimately depends on evaporation and water treatment, processes which require energy [6]. The importance of water is evident in the Sustainable Development Goals (SDGs) of the United Nations, where water has its own goal number 6: Clean Water and Sanitation. In addition, water is closely linked to SDG number 2 ‘Zero Hunger’, number 3 ‘Good Health & Well Being’, numbers 13 and 14 ‘Life below Water’ and ‘Life on Land’, and as conflicts around water have shown, to goal number 16 ‘Peace, Justice & Strong Institutions’ [7]. These connections illustrate that water plays an essential role not only in terms of its economic contributions but also in terms of its value to life on planet earth itself.



In developing our approach, we ask the question whether and how the hydrological cycle impacts economic capacity and what can be learned from examining these impacts. To test our model, we take a macro-level approach and ask whether and how the energy appropriated in freshwater and its allocation to household, industrial, and agricultural uses determine the level of economic activity measured in Gross Domestic Product (GDP). In other words, we seek to describe the entire economic process as circular and introduce an empirical approach that views the economic process as determined by the circular processes of nature as illustrated by the hydrological cycle of our planet. This planetary hydrological cycle forms the physical circular context system within which all economic activity takes place. We test our model by determining the impact of the hydrological cycle on the output production of two countries with different economic characteristics, namely China and the United States. The two countries also constitute the two largest global economies.



Our modeling results suggest that the economic output of final goods and services produced, as measured by GDP, can indeed be predicted by the hydrological cycle, which determines the freshwater available for allocation to household, industrial, and agricultural uses. Our model builds on the previous work of ecological economists who viewed energy as the very basis of all economic activity and argued that available energy is the driver of the conversion of material inputs into outputs of useful goods and services [8,9,10,11]. Because our analysis shows the critical relationship between economic output potential and the allocation of freshwater to key productive and consumptive uses, we argue that regional economies too will benefits from becoming more knowledgeable in terms of the physical/environmental cycles that form their context. This approach differs from circular design approaches that rely chiefly on definitions of circularity that are based on human systems rather than the circularity of nature. Our approach also illustrates the problem of scale associated with nested economic and environmental systems and their differing time frames and success measures [12].



We begin our analysis with a review of prevalent circular economy concepts before we introduce our own model, which is followed by a discussion of modeling results and lessons learned for future circular economy considerations. We conclude that circular economy models that take their cue from nature provide valuable insights for assessing the pressures and limitations posed by environmental context conditions on local and regional economies.




2. Physical and Economic Circularity


Circular economy concepts are a fundamental departure from the linear resource transformation concept of standard economics. Standard economics views the economic process as a transformation of inputs into outputs of useful goods and services accompanied by an unfortunate by-product of emission and waste. The value of the ‘goods’ produced is positive and not directly influenced by the emission and waste by-product ‘bads’ that invariably accompany the output generation process. Only when the ‘bads’ are explicitly captured in the valuation process as internalized externalities, for example, do they enter the economic valuation framework [13]. This is not an automatic process, and the costs of the negative externalities are not automatically assigned to the economic activities that generate them. They are instead displaced across space and time. This implies that those who benefits from the economic ‘goods’ that generate economic ‘bads’ as by-products do not bear their costs. Their costs are instead born by those unfortunate enough to be exposed to them. Cities are concentrated microcosms of these pitfalls of a linear economy model. Globally, cities consume 75 percent of all natural resources, produce 50 percent of global waste, and generate 75 percent of global greenhouse gases [14]. Figure 1 and Figure 2 illustrate the differing world views of a linear conversion-based versus a circular context-based view of the economy.



Circular economy concepts seek to minimize the co-creation of economic ‘bads’ and, where possible, recapture them as production inputs and co-products. Avoiding emissions and waste by reducing production and consumption activities in the first place instead of reusing and recycling them can also make positive contributions overall. Reconceptualizing the economic process as circular thus implies a systems-approach whereby negative emission and waste by-products are reduced or reallocated by design at the front end of the process rather than as an afterthought. This view builds the value associated with emission and waste reduction and recovery into the economic valuation framework at the outset rather than internalizing it after the fact [15].



Despite general agreement regarding the principles of a circular economy, its definitions have not evolved into one consistent concept [16,17]. In their extensive review of circular economy models, Prieto-Sandoval et al. identified four basic circular economy concepts [18], which can be summarized as follows:




	
Resource based circularity: this concept is the most common and seeks to minimize resource use by recirculating resources and energy and recovering waste.



	
Technological circularity: this concept views circularity as being closely linked to innovation and relates to fields such as industrial ecology.



	
Scale based circularity: this concept argues that circular economy models must consider multiple scales, from local to multi-national and global.



	
Ecosystems based circularity: this concept recognizes the need to learn from ecosystems and ideally seeks to strengthen ecosystem services.








These different concepts of circularity are mirrored in the Circular Economy monitoring framework of the European Union, which seeks to measure progress toward the implementation of circular economy models. The framework focuses on linking production, consumption, and waste management; the use of secondary raw materials; and the use of innovation to advance circular economy approaches [19]. In addition, the European Union Circular Economy Action Plan identifies priority sectors suited to advancing the implementation of the concept, including plastics, food waste, critical raw materials, construction and demolition, and biomass and bio-based products [20]. The plan also identifies twenty-four indicators and sub-indicators to advance progress toward the implementation of the different circular economy concepts.



Surprisingly little attention is given to the ecosystem based circular economy concept. Ecosystem based models focus largely on the demand for ecosystem services and on the services delivered as defined by human needs rather than ecosystem processes or processing capacities [21]. Rarely is a strong sustainability position invoked that acknowledges that the substitutability of natural capital through human-made capital may be limited [22,23]. Ecosystem related circular economy measures also tend to focus on human defined impacts. For example, ecosystem services to mitigate heat island effects in cities are primarily examined on the basis of their effectiveness to reduce the negative impacts of increased heat on humans rather than their effectiveness to maintain native species and the biodiverse ecosystems they support.



Two of the four circular economy concepts identified by Prieto-Sandoval et al. appear to be dominant in urban and regional circular economy initiatives. Most commonly, the focus has been on (1) advancing the use/re-use and management of materials, and (2) creating win-win benefits through technological innovation. Much of the focus of these circular economy efforts has been on reconceptualizing sector specific material flows, including food, plastics, and construction. The goal here is to reduce the demand for new resources and expand the resource value of recovered waste materials.



Some of these initiatives also seek to align themselves with other urban programs, such as housing and mobility, to create additional win-win situations. For example, new production methods or redesigned products may reduce emissions and waste, turn waste products into resources, and also create jobs in new reuse and recovery industries [4]. Other efforts to reduce emissions and waste may improve public health outcomes [24] or advance local innovation efforts [25].



Technology based circular economy solutions also seek to create win-win situations. Urban agriculture offers several examples. Hydroponic and aquaponic systems, where food plants are grown in recirculating, nutrient rich water rather than in soil, are built on circular principles. The innovative technology employed by the College of Agriculture, Urban Sustainability, and Environmental Science of the University of the District of Columbia, for example, achieves water savings of ninety percent compared to conventional agriculture. It is also highly energy efficient and saves resources while contributing public health benefits associated with improved food access in underserved urban neighborhoods [4]. Food production on green roofs is another win-win example. The roofs may serve as production space for local produce, while also absorbing heat and water run-off, which can mitigate flooding and heat-island effects. These technology-based circular economy examples illustrate the complexities of circular systems as well as their potential to create win-win outcomes.



Of particular interest is the work on techno-ecological synergies that seeks to close the gap between the demand for ecosystem services and their supply [26,27]. These efforts, however, tend to define ecosystem services more from a weak sustainability perspective, which assumes the substitutability of natural capital through technological capital. A strong sustainability perspective acknowledges the limited substitutability of natural capital and seeks to maintain critical thresholds of ecosystem components that must be preserved at their respective local, regional, and global levels to ensure the continued provision of ecosystem services.



In addition to identifying different circular economy frameworks, a distinction between models and catalyzers may be useful [20]. Catalyzers focus on the implementation of circular economy concepts, including sustainable design and eco-design strategies. Some eco-design efforts expressly orient themselves on circular economy concepts that draw on the circularity of nature. The objective of these strategies is to advance the health and scope of ecosystems and the services they provide. For example, cities and metro areas may use material-flow analysis and energy-flow analysis to gain a better understanding of the materials cycling through their city or region with the goal of reducing resource use, recapturing emissions and waste, and reducing pressure on ecosystems. Recycling nutrients on green roofs, for example, will reduce nutrient run-off and therefore avoid the eutrophication of streams in the watershed or the nitrate contamination of the groundwater, while at the same time saving fertilizer. Yet while these efforts focus on the circularity of nature, their scope is generally defined by human spatial boundaries, which are typically aligned with administrative jurisdictions rather than taking their cue from the permeable boundaries and multi-scale connections of ecosystems.



These brief examples illustrate that the effective utilization and improvement of ecosystem services will require at least a basic understanding of the critical thresholds and processes that impact the functioning of ecosystems and the services they provide. What level of emission reduction, for example, is needed to ensure the health and vitality of critical ecosystems and how can they be sustained? Cities can be viewed as an ideal microcosm for circular economy concepts that bring the complexity, interconnectedness, and adaptability needs of ecosystem-based circular economy concepts to the fore. Natural resource use; energy use; waste; and the production, distribution, and consumption of goods and services constantly interact and impact the human and non-human entities within city and metro areas, as well as those outside of their immediate geographical boundaries.



The complexity and multi-dimensional scale of circular economy concepts also serves as a reminder that understanding nature’s systems is ultimately indispensable to understanding the complex systems parameters of circularity. Nitrogen, carbon, and hydrological cycles are not only circular but also illustrate the multiple use and non-use dimensions built into the design of nature’s circularity. As Stahel points out, “concerns over resource security, ethics and safety as well as greenhouse-gas reductions are shifting our approach to seeing materials as assets to be preserved, rather than continually consumed” [28,29]. These lessons concerning the value of resource conservation rather than resource use are evident in the material cycles of nature. When critical thresholds of ecosystems or systems-components are violated, the entire system will invariably steer toward collapse [22,23].



In taking its cue from nature’s circularity, a circular economy concept must pay attention not only to resource use and emission and waste reduction and reuse, but also to the sink capacities that buffer, absorb, and process the emissions and waste by-products of economic activity. The examples of carbon sequestration, soil enhancement, and heat absorption are a case in point. They illustrate the fact that reducing emissions and reusing waste by-products may not be enough. What is also needed are strengthened sink capacities that increase the absorption of emissions and waste by-products and buffer against their negative impacts. These sink capacities are a critical dimension of a circular economy, especially in densely populated cities and metro areas where absorptive capacities may be limited to begin with [1,5].



We have argued previously that circular economy concepts demand attention to the largely invisible sink functions that escape the standard valuation framework of economics [30]. Assessing the value of resources is therefore not as straight forward as standard economics makes it seem. It is predicated instead on a better understanding of the resourcing and absorptive capacities that are a part of the material and energy cycles of nature. The carbon, nitrogen, and hydrological cycles can all be instructive. While municipal and regional scale systems approaches may be most common for urban and metro area decision makers, much can be gained from an improved understanding of macro-level systems that drive the circularity of nature. As a subsystem of the environment, the economy cannot escape the rules and behaviors of these larger-scale systems that form its context.



Some circular economy initiatives recognize the need to monitor large scale circular systems such as the hydrological cycle or the carbon cycle. For example, China promotes the monitoring and reduction of carbon emission as well as carbon absorption [31]. Germany and Japan promote circular economy policies based on material flow and life cycle analysis [32,33]. Identifying circularity gaps may also provide valuable insights for a critical reassessment of the value of economic inputs and outputs that considers both resourcing and absorptive capacities. This may include the assessment of social benefits associated with the transformation of natural and secondary resources in addition to their economic and environmental benefits. The value of use as well as preservation and non-use can play an important role in this process of identifying gaps and reconceptualizing circular economy models as determined by the cycles of nature [34,35].



Given the critical importance of the hydrological cycles, not only for economic activity but also for life in general, we now turn to the hydrological cycle as an expression of an ecosystem-based circular economy approach and ask the question of what decision makers in cities and metro regions can gain from an improved understanding of the hydrological cycle. This approach seeks to better align the economy with the circular processes of nature. We suggest that a first step in this nature-based redesign process is an understanding of the physical realities that form the boundaries of economic activity at every level, from local to regional, national, and global.



By proposing a focus on the hydrological cycle, we illustrate the importance of recognizing the complexities of nature’s cycles. Our approach also acknowledges that attention to the granular characteristics of ecosystem models will likely exceed the constraints most municipal and regional decision makers face. Our big-picture approach therefore offers a way to highlight the economic implications of the complex physical cycles of nature without the burden of detailed ecosystems data requirements. In addition, water is of particular relevance to most municipalities because cities around the world have been impacted by extreme droughts and flooding events associated with changing hydrological patterns.




3. Methodology: Learning from Nature


Given the relative paucity of ecosystem-based circular economy models (see the fourth concept in our summary of the work of Prieto-Sandoval et al. [18]), we take a strong-sustainability approach and examine the implications of nature’s hydrological cycle for the capacity of two national economies, namely China and the United States. Our approach also relates to the scale-based circular economy concept, which argues that circular economy models must consider multiple scales. Specifically, we argue that the global scale view of the hydrological cycle can provide invaluable insights for the regional and local scale decisions facing population-dense urban and metro-areas, which tend to be disproportionately impacted by shifting hydrological cycles and their economic implications.



Our approach starts with a description of the physical processes of nature, including the energy and material flows involved in the transformation and use of water as fresh water. Our model does not seek to change material cycles, suggest re-use options, or offer technical solutions like the majority of circular economy models. It simply asks the question ‘how does nature work’ and how do the workings of the non-human-made hydrological cycle impact the capacity of two human-made economies.



From a physical perspective, the transformation of energy into freshwater through the hydrological cycle is a fundamental circular process that determines the long-term viability of the economy, and of life on planet earth itself. Earth receives its energy from the sun. This solar energy is the fundamental energy source without which no economic activity takes place. Its conversion into freshwater through the hydrological cycle illustrates how an analysis of nature’s cycles can provide meaningful lessons for regional decision makers.



The hydrological cycle starts with an assessment of the total amount of energy available through the sun. This available energy is determined by the product of the earth’s surface area and the solar constant (Sc), which is defined as the solar irradiance incident on the surface of planet earth perpendicular to the sun’s rays (see Equation (1)) [36]. To transform this available energy into freshwater requires that the available solar energy is transformed into solar energy embodied in freshwater evaporation. The available solar energy and its processing capacity in the hydrological cycle are therefore inextricably linked. Yet a focus on available energy from an energy source (in this case, the sun) is not sufficient. What is also needed is an understanding of the energy demand associated with the processing capacities that first utilize the available energy, in this case, the capacity to process the evaporation of water.



The reason this processing capacity is so important is that approximately seventy percent of the surface of the globe is covered in water, yet the availability of this water supply as freshwater is limited by the processing capacity that converts ocean water into evaporated freshwater. Only three percent of the global water supply is available as freshwater; 2.48 percent is stored in the polar caps of the planet; 0.5 percent is groundwater, and 0.02 percent is freshwater in lakes and rivers. It is only this small amount of fresh water that is considered accessible. Recent droughts have exacerbated the problem, as groundwater replacement rates have dropped far below extraction rates, resulting in the continual decline of groundwater reserves in many regions around the world, including in the western United States [37]. This example illustrates that any freshwater balance is ultimately dependent on the hydrological cycle that drives the evaporation and precipitation cycle of freshwater. Understanding these cycles is critical for planning and decision purposes.



As evaporated fresh water is available as freshwater precipitation, it can be allocated to multiple uses that can be captured in three broad categories: domestic, industrial, and agricultural water use. Similar to the big-picture approach we take with respect to the physical cycles of nature, we concentrate on basic economic uses without expecting the detailed knowledge associated with specific economic models and their often significant data requirements. Globally, close to 70 percent of freshwater use is allocated to agriculture, 23 percent is used for industrial purposes, and an average 7 percent goes to household use. These average allocations vary across different continents, countries, and regions. Countries with a rate of 50 percent or higher for industrial use can be considered highly industrialized; countries with a mid-range allocation of around 30 percent of industrial water use can be considered transitional; and countries with an industrial water use allocation of less than 20 percent can be considered agricultural [38,39,40].



China’s water-use trends are instructive of the changing allocations associated with changing economic development classifications. China’s industrial water use is expected to triple by 2040, while domestic use is expected to increase modestly. This requires a steep decline in the freshwater allocated to agriculture and translates into tremendous pressures to increase agricultural water use efficiency to meet the food demand of a growing population while also freeing up vast amounts of freshwater for industrial use. New food production methods that appropriate water saving technologies, including recirculating aqua- and hydroponic systems, and the use of urban spaces for food production will be needed to meet these challenges [4,25].



The percentage allocation of water to agricultural use does not necessarily indicate a country’s degree of food security. For example, a highly industrialized nation such as the United States with a relatively low water allocation for agricultural use is an exporter of agricultural products, while a country with a high percentage of agricultural water use may experience food insecurity and require food imports to meet domestic demand. The interpretation of industrial water use percentages may therefore require a closer look to assess linkages between industrial and agricultural water use. High water use allocations for industrial use may be considered more of an indicator of the level of technology employed across all uses rather than an indicator of industrial use per se. This may include water saving technology employed in agriculture. By comparison, household use is relatively stable across a wide range of countries.



Understanding the physical parameters that determine the sustained availability of fresh water, which forms the basis for all freshwater use allocations, will therefore be instructive, regardless of current levels of efficiency. The incoming solar energy is a key factor that drives the hydrological cycle and thus the sustained availability of freshwater overall. To calculate the solar energy that is needed to evaporate one gallon of freshwater, we define the solar constant (Sc) as the solar irradiance incident on the surface of planet earth perpendicular to the sun’s rays at the mean orbital distance of the earth [36] as shown in Equation (1):


  Sc = SB ·  T 4  ·    (    Rs   Dse    )   2   



(1)




where:




	
SB = 5.670 × 10−8 J K−4 m−2 s−1 Stephan–Boltzmann Constant



	
T = 5784 Kelvin surface temperature of the sun



	
Rs = 6.95 × 105 km, radius of the sun



	
Dse = 149.6 × 106 km, distance between the sun and earth








The value of Sc equates to 1391 watt/m2. The product of the earth’s surface area times the solar constant (Sc) gives the amount of solar power reaching the earth, as shown by Equation (2):


   P  earth   =   Sc · 4 π ·      R    earth  2      4000   =     Sc · π ·  R earth 2    1000    



(2)







The global rate of precipitation indicates that approximately 577,000 km3 of water per year evaporate as available fresh water. The ratio of Pearth and the Rainrate gives us the required solar energy that is needed to evaporate one gallon of freshwater, as shown in Equation (3).


   Solar   energy   for   evaporation  =        P  earth     Rainrate    



(3)







Given the available solar energy, this translates into a requirement of 10 kw-hours of energy to evaporate one gallon of fresh water. This value remains largely unchanged, even when the global rate of precipitation or the distance between the earth and the sun are varied (see Figure 3). The efficiency of nature’s embodied energy value is remarkable. While the evaporation of water in the earth’s hydrological cycle requires 10 kw-hours per gallon of water, the next most efficient way to obtain freshwater from saltwater is through electrolysis, which requires approximately 30 kw-hours per gallon of water [41,42]. Studies also show a considerable range in the costs of desalination, especially when a life cycle cost approach is applied [43]. Across the range of available and potential technologies, the energy required to replicate nature’s hydrological cycle is therefore considerable and illustrates the costs associated with losing the processing capacities of nature.



These results points to the limits of economic output generation imposed by the physical processes that drive the earth’s hydrological cycle. The processes captured in the hydrological cycle place inevitable systems boundaries on output production as measured by its key indicators, GDP (Gross Domestic Product) and GDP per capita. Regardless of whether the goods and services produced represent useful output, defensive expenditures intended to reduce the negative externalities of output production, or infrastructure related goods and services to support economic activity, pressures to increase production persist. This makes the loss of nature’s processing capacity ever more costly.



In developing our physical model of economic output based on the earth’s hydrological cycle, we use a parametric approach utilizing Wolfram Mathematica [44]. Contrary to the more familiar econometric approach, we do not assume a functional form a priori, but instead produce a function-generated algorithm, which underlies our model. The algorithm is generated through a reiterative process of estimating solutions that describe our data points of calculated variables whereby multiple solutions exist that comprise our modeling result. The reiterative calculation process indicates available solutions, no solution, or solutions bounded by a particular range.



Our model uses sixteen variables consisting of a mix of physical, demographic, and economic data we obtain from a variety of data sources [38,39,40] plus the calculated solar constant. Our physical data includes temperature, the radius of the sun, the distance between the sun and the earth, the radius of the earth, and annual rainfall. Our economic data uses the reported water usage per person per day, including the reported range of low and high water-use per capita; the percentage of water allocated to domestic, industrial, and agricultural uses; and the price of electricity per kilowatt-hour reported for our two countries, China and the United States. Missing data for high and low water use is calculated based on the information for total water use per capita for a given year. Finally, we use reported population data as one of our variables.



We then proceed to formulate our model and test the combinations of water use allocations and corresponding GDP levels that constitute possible GDP solutions associated with different water use allocations to the three key uses of domestic, industrial, and agricultural use. Possible solutions are identified through the use of our function generated algorithm, which allows us to identify a functional form that yields the combinations of varying freshwater allocations that form a GDP solution space. We call this solution space of GDP values the ‘landscape’ of possible GDP solutions. This landscape exemplifies a physical circular economy because all available freshwater is dependent on the available energy that drives the hydrological cycle and generates freshwater for its three key uses of household, industrial, and agricultural use. Contrary to existing economic models, which typically do not take physical parameters into account, our model correlates a landscape of potential GDP levels to the distribution of embodied solar energy in the form of fresh water.




4. Nature and Economics: The Hydrological Cycle and the Physical Economy


Our modeling approach is not commonly taken in economics. As discussed in the methodological section of this paper, we formulate the allocation of distributed energy for household, industrial, and agricultural uses parametrically. Commonly, the relationship between different variables that comprise economic production is captured in a predetermined functional form. Empirical data is then used to determine the best fit associated with the coefficients that describe the predetermined functional form. We take a different approach and calculate the possible GDP values that can be obtained based on the physical parameters determining freshwater availability and freshwater use allocation across our three key economic sectors. In addition, we consider high and low water use levels and the Stephan–Boltzmann Constant (SB), which represents the embodied energy in fresh water [45]. Our model, therefore, considers that freshwater is not uniformly distributed but can range from high to low water use across the three principal areas of household, industrial, and agricultural use. The three uses are captured in the parameters x, representing the percentage of domestic water use, y, the percentage of industrial water use, and z, the percentage of agricultural water use. Equation (4) thus depicts the landscape of GDP possibilities based on physical parameters as follows:


   GDP   Landscape  =    (  5.7318 ·   10   − 19   · Genrate    (  b · high + a · low  )   2  · population ·  R earth 2  ·  Rs 2  ·  T 4       (  − 100 + x + y + z  )   2   (  x + y + z  )   )     (   (  a + b  )  ·  Dse 2     (  100 · b · high + 100 · a · low  )  · Rainrate  )     



(4)







Through algebraic manipulation, Equation (4) can be transformed into the Physical Parametric Model for GDP, as represented by Equation (5), which simplifies the model from nine to five parameters.


   GDP   Landscape =  Γ i    ∑   i = 1  3     x i  / 100 [   ∑   i = 1  3     x I  +  ζ i   (   ν i  −  (     ν i    ∑   i = 1  3   x i    100    )   )  ] ·   [   ∑   m = 0  2     i  2 m        (      ∑   i = 1  3   x i    m ! 50    )  ]   



(5)




where:


     ∑   i = 1  3   x i    =  x 1  +  x 2  +  x 3        where    x 1  = x ,      x 2  = y ,    x 3  = z   



(6)







And the multidimensional parameters representing GDP are:


   ν i  = 264.17    (  b · high + a · low  )    a + b    



(7)






   ζ i  = 0.3785    (  a + b  )    b · high + a · low    



(8)






   Γ i  =    (  5.7318 ·   10   − 13      Genrate    ( b · high + a · low  )     population  ·  R earth 2  ·  Rs 2  ·  T 4      (  − 100 + x + y + z  )  2  )    (   (  a + b  )       Dse   2     Rainrate     (   x 2  +  y 2  +    (  100 − 1 z  )   2  + y  (  − 200 + 2 z  )  + x  (  − 200 + 2 y + 2 z  )   )   )     



(9)




where by:




	
T = 5784 Kelvin surface temperature of the sun



	
Rs = 6.95 × 105 km, radius of the sun



	
Dse = 149.6 × 106 km, distance between the sun and earth



	
Rearth = 6366 × 1000 m, radius of the earth



	
Rainrate = 577,000 km3, global annual rainfall



	
SB = 5.670 × 10−8 J K−4 m−2 s−1, Stephan–Boltzmann constant



	
Low = in gallons, national reported low water-usage per person per day



	
High = national reported high water-usage per person per day in gallons



	
a = the frequency of Low



	
b = the frequency for High



	
x = % of water allocated for domestic use



	
y = % of water allocated for industrial use



	
z = % of water allocated for agricultural use



	
Population = national reported population



	
Genrate = the price of electrical energy per kilowatt-hour in U.S. dollars



	
Sc = Solar constant = 1391 watts/m2.








Our model predicts the GDP for China and the United States at a level of 98.1 and 98.4 percent accuracy, respectively. This suggests that the physical parameters captured in our model are determinative of the economic capacity of the two countries. Our solution space further indicates that the percentage allocation of freshwater to the three key sectors of domestic, industrial, and agricultural use does generally not add up to 100 percent. This indicates a percentage of available, but unused, freshwater that varies between 5 and 25 percent. We call this unused portion the entropy of embodied freshwater. The percentages of water allocated to household, industrial, and agricultural use vary considerably, with China showing a far higher percentage allocated to agriculture than the United States.



Table 1 summarizes our modeling results, which indicate an entropy range with respect to water use of 16.5 percent unused freshwater for China and 21.5 percent of unused freshwater for the United States. The entropy of embodied water indicates the benefits of overall water use efficiency resulting in savings of embodied water energy. This is counter to the conventional wisdom of economics that assigns value to resources through their use, while non-use or conservation is considered valueless.



Figure 4 and Figure 5 show a three-dimensional depiction of modeling results for China and the United States. The three-dimensional graphs indicate the multiple combinations of domestic, industrial, and agricultural freshwater use associated with different levels of GDP. The point labeled ‘current’ in the two graphs indicates the calculated GDP values based on current water use allocations. The points labeled ‘increasing’ indicate GDP solutions within the landscape of solutions that are above current GDP levels and their associated freshwater allocations. The points labeled ‘decreasing’ illustrate solutions on the GDP landscape that are below current levels and their associated freshwater allocations. Because the solution space depicted in Figure 4 and Figure 5 is three-dimensional, it shows GDP in USD on the vertical axis, and the percentages of freshwater allocations to industrial (y) and agricultural (z) use on the two horizontal axes. All other variables are captured in the solutions algorithm itself.



As Figure 4 and Figure 5 show, China and the United States have distinct slopes of the solution space associated with the possible GDP values we describe as the GDP landscape. This is reminiscent of the production possibilities frontier of possible combinations of output achievable with a given endowment of resource inputs. Resource inputs in our model represent the physical resource parameters of input allocation (natural capital) as compared to the familiar parameters of capital and labor input allocations (human-made capital).




5. Discussion of Modeling Results


Given the range of 98.4 to 98.1 percent accuracy with which our model predicts observed GDP levels for the United States and China, our results suggest that the physical parameters associated with the hydrological cycle, and the energy demand driving it, are influential in determining the output production capacity of the two countries. The production capacity therefore appears to be determined by physical parameters and not only by economic ones. To sustain the production capacity of a nation or region will therefore require an improved understanding of the physical parameters involved beyond the ability to maintain inputs of natural resources, in this case water and energy.



Our results further suggest that a way to think about the production capacity of a nation or region is to understand it as a field of output as opposed to one distinct value of output. We call this field the landscape of potential output levels associated with varying combinations of domestic, industrial, and agricultural water use. The maximum output level is represented by a cusp that can be reached through a range of combinations of water use allocations. Our model indicates considerable vulnerability outside of a given range. In other words, not every combination of water use allocation is advantageous. Some combinations result in dramatically reduced levels of economic output capacity, as measured in GDP.



Modeling results for the overall GDP potential of the two countries vary considerably. Results for the United States (Figure 4) indicate a more limited GDP expansion potential. Given the efficiency levels already achieved, as indicated by entropy levels of 21.5 percent, it will be more challenging for the United States to realize further growth potential. A considerable reallocation of water use will be necessary to capture the additional GDP expansion potential.



Modeling results for China (Figure 5) indicate its high allocation of freshwater for agricultural use. China also has considerable expansion potential. To capture its potential, China must first and foremost decrease the percentage of agricultural water use. Considerable efficiency increases in both agricultural and industrial use will be necessary to achieve this goal. In addition, a considerable increase in water entropy, or the percentage of unused water, will be necessary to realize the economic potential indicated by the GDP landscape for China.



Results for both countries indicate that realizing an increase in GDP may require not only the reallocation of water between domestic, industrial, and agricultural uses, but also an overall increase in unused water, which we refer to as water entropy. This suggests the limits to economic expansion posed by the physical context conditions that determine the availability of solar energy and its embodied distribution in freshwater. Not the use of water, but the entropy or conservation of water seems to be a key driver of the economic potential expressed in the GDP solutions landscape. Both countries will likely find it challenging to realize the needed growth in water entropy given the increasingly erratic distribution of evaporated water associated with a heating planet.



To test the responsiveness of our model, we simulated an increase in the energy costs (Genrate) for China to USD 0.16, and for the United States to USD 0.20. This constitutes a doubling of the energy costs for both countries. These increased energy rates may not be easily obtained, yet they are still considerably lower than the rates currently in effect in some European countries. Germany’s energy costs, for example, are USD 0.35 per kilowatt hour. Our modeling results indicate significant increases in the output generation potential for both China and the United States as energy rates increase. Because increased energy costs drive efficiency increases in water use, economic capacity expands almost proportionally to the cost increases. While this may be good news for decision makers in terms of the leverage available to drive needed efficiency increases, political pressures may stand in the way of enacting the needed increase in energy rates.



We further simulate an increase in the population of China by 20 percent and an increase in the United States population by 10 percent from our baseline of 2013. These assumptions reflect projected growth rates, leading to a world population of 10 billion within the next 25 years. Modeling results suggest that a 20 percent increase in the population of China is associated with a GDP of USD 11.7 trillion. Modeling results for the United States show that an assumed ten percent increase in population yields GDP levels of USD 19.1 trillion. Given the substantial impact of energy rate increases on the output capacity of both countries, rate increases will be inevitable to maintain the GDP per capita rates associated with our population growth scenarios.



Table 2 summarizes our modeling results. Our findings indicate that the ability to meet the domestic, industrial, and agricultural freshwater uses of our population growth projections will require a significant change in how the value of resources is viewed. Typically, a resource is viewed as valuable when it commands a high market value or is used as a value-added input in a high value product. The higher the market exchange value, the more valuable the resource, according to standard economics. However, as unused water is needed to sustain the hydrological cycle itself, the nonuse value of water must also be considered as economically valuable. This is reminiscent of the findings of natural resource accounting, which suggests that the stock of resources and not only their use determine the economic development capacity of a region or nation [46,47]. At the very least, awareness of the non-use value of resources should alert decision makers to the development constraints of their regions. This is especially relevant for urban and metro-regions where high population density may prove particularly challenging to meeting non-use goals [48].




6. Implications for Decision Makers


Several findings warrant attention. First, our analysis of the hydrological cycle as an example of a fundamental cycle of nature that impacts not only natural capacity but also economic capacity has implications for the types of circular economy models that are most promising in rethinking the current linear take-make-waste model of the economy. Big picture cycles such as the hydrological cycle may prove particularly useful in illustrating the complex connections between economic activity and its physical/environmental context without the information and data requirements associated with ecosystem models that simulate more detailed processing cycles and ecosystem services.



Knowledge of the hydrological cycle may be especially valuable because pressure on water use is expected to increase as the world’s population grows to an estimated 10 billion over the next 25 years. Additional pressures will come from the more erratic evaporation and precipitation patterns resulting from rising ambient air temperatures. Tremendous efficiency increases in water use will therefore be needed to meet the growing freshwater demand, especially in population-dense urban and metro areas. A focus on food systems will be inevitable because agriculture appropriates the bulk of the available freshwater. The dramatic increases in agricultural water use efficiency that will be needed to realize a solution space in the increasing GDP realm will require cities and metro areas to seek highly efficient food production solutions, especially for the most perishable and nutrient dense foods. These solutions can lower the pressure on peri-urban and rural areas that serve as compensatory areas for densely populated urban areas. Both the water-use efficiency of agriculture itself and of the industrial uses associated with agricultural innovations must increase considerably to meet these challenges.



As decision makers contemplate the design of a circular economy, it will become necessary to not only build in the reduced use of resources by introducing recirculating systems, and to recover emissions and waste streams for use as alternate resources, it will also be necessary to ensure that the physical processing capacities that undergird economic capacity are sustained. Restoring ecosystem capacities may be closely tied to this need for additional processing capacities. Further research will be needed to assess the scope of the processing capacities, not only of the hydrological cycle but also of other critical systems cycles (such as carbon and nitrogen) captured in the supporting ecosystem services category, as identified by the United Nations classification system of supporting, regulating, provisioning, and cultural ecosystem services [49,50].



Secondly, the non-use of resources may be as important to economic capacity as their use. Our modelling results indicate that combinations of water use that fall within a high range of GDP levels on the GDP landscape are generally associated with high rates of water entropy, or unused water. This points to the dramatic increase in water use efficiency that is needed in order to sustain the economic growth potential of a region. At maximum capacity, the entropy rate with respect to water use for China is close to 50 percent, and for the United States it is above 50 percent of water savings. This implies that over 50 percent of the available freshwater will have to remain unused in order to increase production capacities to their highest potential. As weather patterns become ever more erratic, it may become increasingly important to allow for a water-use buffer of unused freshwater, as indicated by our results.



The non-use value of water also points to the value of sink capacities, such as the absorption of waste streams, the buffering of emission impacts, and the processing capacities that sustain the future availability of both resourcing and sink capacities. Our calculations suggest that there is no shortage in potential freshwater availability based on the energy available for freshwater evaporation. Utilizing ever-higher rates of available freshwater, however, reduces the potential for further growth in output capacity. As the need for economic output increases, due to population growth for example, tremendous efficiency increases in freshwater use will be necessary to obtain the increased productivity levels needed to meet not only growing water use needs but also growing water savings needs. Declining water savings will significantly increase overall vulnerabilities and lower the potential for future economic capacity. These findings are likely to be applicable not only to the hydrological cycle but also to other cycles of nature. Using up available resources for economic production purposes without leaving a sufficient percentage of resources unused may therefore impact overall processing capacities and constrain the capacity to generate future economic output.



Third, price policies can steer the resource use and non-use needs highlighted by the physical systems that undergird economic capacity in the right direction. Yet while the energy price increases we simulated may be significant, they may proof too low to initiate the efficiency increases needed to accommodate projected population growth rates. Our simulations of population growth rates of 20 percent for China and 10 percent for the United States indicate that both countries have the potential to increase their GDP. However, the economic output capacity, as measured in GDP, will grow at a lower rate than the assumed population growth rates. China will find it especially challenging to maintain current levels of GDP per capita. These results bring not only the effectiveness of energy price policies into focus but also the efficiency of nature, as expressed in the hydrological cycle. As Figure 3 of our modeling results showed, the energy needed to evaporate one gallon of water is 10 kilowatt hours, while recent calculations of the energy demand to turn salt water into freshwater indicate an energy demand of approximately 30 kilowatt hours per gal of water, or almost three times as much as the energy required by the hydrological cycle of nature [6]. This speaks to the advantages of saving and utilizing nature’s processing capacities as compared to relying solely on the technological systems that seek to replicate them. These findings call renewed attention to the precautionary principle that first received wider attention during the United Nations Conference on Environment and Development that was held in Rio de Janeiro in 1992 [51,52]. This principle argues that significant advantages may accrue from preserving the processing capacities of nature, including those captured in ecosystem services, even though they may not be fully understood. Seeking to replace lost processing capacities, even when it is technologically feasible, may be far more costly than avoiding their deterioration or outright destruction in the first place.



All three points indicate information gaps as well as value distortions associated with common models and measures decision makers may consult to guide their efforts toward a circular economy. To achieve economic expansion, increased water-use allocations to industry and reduced agricultural water-use allocations will be imperative. Yet without maintaining considerable levels of unused freshwater or water entropy levels of between 40 and 60 percent, the economic output potential our model suggests cannot be realized. Recent empirical evidence of the pitfalls of water overuse in times of growing climate vulnerabilities seem to corroborate these findings.



Finally, decision makers must become more aware of the problem of scale. Municipal and regional decision makers in high population areas may have no control over the large-scale global processes associated with changes in the hydrological cycle of our planet. Yet every municipality must be prepared to anticipate these changes and will be well served to understand the underlying physical cycles that will invariably impact them. This improved process understanding may be especially needed in urban and metro areas where high population densities exacerbate the vulnerabilities associated with resource overuse and pressures on vital ecosystem processing capacities.




7. Conclusions


Access to affordable freshwater is a key driver of health, food security, economic development success, and life in general. The hydrological cycle exemplifies a key connection between the physical cycles of nature and their economic capacity implications at the macro level. While solar energy in and of itself is indispensable to the global material cycle, and especially to the vital process of photosynthesis, it is the embodied energy in the hydrological cycle that determines the sustained availability of freshwater in the form of evaporation and useable freshwater precipitation. The calculation of the solar energy available for freshwater evaporation, which drives the hydrological cycle, reveals the efficiency of nature. The evaporation of water in the earth’s hydrological cycle requires 10 kw-hours per gallon of water. Obtaining fresh water from salt water through desalination requires at least 30 kw-hours of energy per gal of water. The energy required to replicate nature’s hydrological cycle is therefore considerable, and the ability to utilize the embodied energy of freshwater evaporation is an important factor in achieving economic success.



Contrary to most contemporary economic models, which typically do not take physical parameters into account, our model correlates the total output of goods and services produced to the distribution of embodied solar energy in the form of freshwater. The allocation of the embodied energy in freshwater to the three key uses of household, industrial, and agricultural freshwater use is formulated parametrically for two countries, namely China and the United States. Our model predicts total output of goods and services in US dollars as a function of the embodied solar energy in the allocation of freshwater to domestic, industrial, and agriculture uses for the two countries at a 98.1 to 98.4 percent range of accuracy.



Our results show the current levels of GDP achieved by current freshwater allocations as well as the possible solutions space of GDP levels attainable through other combinations of freshwater allocation to domestic, industrial, and agricultural use. We call this solutions space the landscape of GDP solutions. It indicates that the ability to realize growing level of output in final goods and services is driven, not by the use of water, but by what we call ‘freshwater entropy’, namely by the percentage of unused or conserved water. Even as considerable economic output potential is available, it is not likely to be realized if water use efficiencies remain at current levels. Only through the considerable increase of unused freshwater can the potential output capacity our model identifies be realized.



To further test the implications of our modeling results, we examined two scenarios: an increase in energy costs, and population growth. Our results indicate that higher energy rates increase the potential to move beyond current levels of output along the potential GDP landscape to higher output levels. Additionally, while population growth may drive up the overall output in final goods and services, it will result in a decline in output per capita unless significant increases in water use efficiency are realized.



Further analysis of other countries and regions will be instructive in identifying not only the needed efficiency increases, but also the most promising freshwater use allocation patterns, as well as limitations to the reallocation of freshwater across different uses. Given the relative accessibility of the physical and economic data requirements of our model, we anticipate additional explorations in the future.



The responsiveness of the model to energy price changes may be at least partially good news for decision makers. Price policies can be effective in achieving needed efficiency increases, yet they must focus foremost on a reduction in water use overall rather than on increasing the water use efficiency in the industrial and agricultural sectors. Achieving further expansions of economic capacity may therefore depend on an improved understanding of nature’s circularity, especially when competing resource pressures and land-use constraints exacerbate economic capacity limits.



Our findings suggest three particularly important lessons for decision makers: (1) the tremendous efficiency increases needed to realize increased levels of economic output will require circular economy models that consider the efficient processing capacity of nature rather than relying solely on technological solutions; (2) the non-use of resources may be as valuable (or more) as their use; and (3) price policies can be effective in steering resource use and non-use in the right direction.



Our approach adds to all four circular economy concepts outlined in Section 2 of this articles: it adds to the waste-reduction-and-reuse framework by advocating a circular economy model that more fully utilizes the efficient cycles of nature; it adds to the technological-solutions framework by calling attention to the limits of substituting natural capital through technological capital; it adds to the scale-based circular economy concept by connecting the global hydrological cycle to local and regional implications based on an improved understanding of the fundamental cycles of nature; and most importantly, it adds to the often underexamined ecosystems-based circular economy concept by taking its cue from the hydrological cycle, which undergirds all freshwater generation and the energy it embodies.



While our findings may be counterintuitive from a mainstream economic valuation perspective, they are consistent with the valuation concepts of ecological economics, which hold that the substitutability of natural resources through capital resources is limited [53,54,55,56]. Natural resources, such as freshwater, and the complex processes they support, must therefore be preserved in order to realize any future economic output potential. Realizing future economic capacity, however, will also require a shift in focus to preserving resources, not only for future resource use, but also to sustain the planetary processing capacities that ensure the availability of resources in the first place. Operationalizing these insights will be important for decision makers at every scale, including those who seek to implement circular economy solutions at the local and regional level.
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Figure 1. Linear Economy Model—Inputs turn into outputs and emissions, which disappear. 
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Figure 2. Circular Economy Model—Input, outputs, emissions, and waste create feedback loops. 






Figure 2. Circular Economy Model—Input, outputs, emissions, and waste create feedback loops.



[image: Sustainability 13 12597 g002]







[image: Sustainability 13 12597 g003 550] 





Figure 3. Energy Cost of Evaporation. 
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Figure 4. Modeling Results for the United States. 
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Figure 5. Modeling Results for China. 
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Table 1. Physical Parametric Output Model for China and the United States.
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	Country
	Househ.

(%)
	Industr.

(%)
	Agric.

(%)
	Population (Million)
	Genrate (USD/Kwh)
	GDP (Trillion USD)
	Entropy

(%)





	China
	7.8
	16
	59.7
	1330
	0.08
	9.75
	16.5



	US
	11
	31.5
	36
	319
	0.10
	17.4
	21.5
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Table 2. Modeling Results for Changes in Population and Energy Costs.
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	Country
	Population (Million)
	Genrate (USD/Kwh)
	GDP (Trillion USD)
	Population

(Million)
	Genrate

(USD/Kwh)
	GDP (Trillion USD)





	China
	1590
	0.08
	11.7
	1330
	0.16
	19.5



	US
	350
	0.10
	19.1
	319
	0.20
	34.8
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